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BANDWIDTH EFFICIENT MODULATION 
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Problem Setting 



• variety ot options available 

• effects of data imbalance, p one ± p zero 







General Phase Modulation 



• for constant modulus signals, p(t) = 








Phase Shaping (cont.) 



t in terms of T_$ 
















Binary CPM - Raised Cosine L 



Balanced Data Unbalanced Data 
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Problem Setting: TDRSS Channel Model 



post-filtering, g(n) 
additive Gaussian noise 












RAM-Based Compensation Techniques 



nonlinear ISI from received signal. 

arbitrary function is encoded as RAM lookup table. 







RAM-Based Equalizer 



{sfc+n-i, Sfc, Sfc_ m } which is not known, 
uses a feedforward equalizer Wk in concert with RAM 







Family of RAM-based equalizers... 
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performance (to be discussed). 



The PERC(n, 



S 




k+n-1 








PERC Training 





PERC Operation | 
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Simulation Examples: 16 -QAM at SNR= 15 dB 



MSE = -1 1 .4 MSE = -13.96 MSE = -15.63 













Simulation Examples: 16-QAM Bit Error Rates 
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Design Criteria - MMSE-CS 
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MMSE-CS equalizer can be solved in closed form for linear 
channels. 



Nonlinear Channels? 
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Nonlinear Channel, MMSE-CS FF Eq and PERC(2,2) 

































- Data post-processed in a high level language. 




CO 

CO 



"D CD 

00 ’5) 

>* C 
CD CO 
O 

o "5 


8 £ 

-i J '* 9 

0 

O | 

CL q 

W © 

□_ +- 

c © 

■— o 

*D S 
© ©- 
■+- ' CO 
CO ^ 

s> o 

B © 

•- 0 

.<2 £ 

0 "E 

0 0 

1 s 

2 cc 

O LU 

-g Q- 

0 

— CD . 

+-« .£ <2 

0 ^ s 

Z c o 

0 £ 
0 £ 0 

=6 0 g 

£ Q_ Q- 
0 c Q_ 
CO .E 0 


III w 

LU 0 
LU O 
UJ Cl 

— L— 

0 J2 

^ oT 

2* 

0 ^ 

-i—' 

C 0 ’ 

0 *> £? 
0 ^ 

0 C "O 

L. 

Q. (D O 

5 = 2 

_ 0 t: 


>5 o ^ 

o « -S 

7^ 0 O 

O o i- 

C ■ ~ 0 

-C 0 C 

O C £ 

© o) E 

~ 0 O 

CO c o 

O j= c 

lil ? c 
CO o o 
2 ■■!= '■« 

i|| 

0 0 Q_ 

r t; o_ 




PARALLEL SIGNAL PROCESSING 







Investigation of an Architecture for 
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Preliminary Objectives 


CN 


<D 

c /3 

o 3 

X 

Oh 

i 

»-l 

c 3 

<D 

g 


C/3 

g 

o 


<D 


Qh O 
■ O 


c\ 

*-i 

0> 

*-l 

0 

1 


C/3 


<D 

C/3 

3 


<2 


« M 

tj ^ 

bO 


cb 


ts -e 

S> S3 

> 4 -» 


<G 


00 

c 


co 

o3 


o 3 

”0 
C 
03 
X 
X 3 
3 
co 


(3 


C/3 

O 

•o & 


C/3 

0> 


£ <u 

G "73 

C /3 

S3 =2 

^ c 

o .5P 


o 


o 

s 


Cfl 

C 

o 

o 

<L> 


<u 

> 


<D 

Sm 


CO 

C 

O 


CO 

C 

O 


cd 

O 


a 

o 


a, 

§■ 


CO — < 

tj 8: 

,Q ST 

C+-H C 3 
4-h ^ 

<D 43 


<D 

> 


g m .2 


a, ^ 
cu "2 


S 8 

rS 2 


o 

Q 


G 

a 

X) 


^ 03 

^ D_» 


00 


~o 

I 


tS 

CD 

O U a3 


u c£ 
CD ^ 

03 8 

T 3 3 


a £ 

c 


(D 

CO 

c 3 

J3 

a, 


"O 

c 

cc3 


CD 

CD 


Ui 

o3 

CD 

C 


CD 
CO 
03 

J3 
CL J* 


_c 

CD 

c3 


CD 


r* O fc- 

*h o 32 


C 
03 
JO 

00 03 


T3 

O 

O 

00 


Ji'S? 


3 

cr 

CD 

Pi 


3 

o 

-3 

co 

C 

03 

X> 

Lt 

CD 


JX 

CD 

03 

t- 


C 

CD 


S- 

£ 


s G 


cd 


u 

a> 


c 

a> 

CO 

CO 


2 


3 

CT 

<D 

Pi 


<D 

C/3 

G 

V-l 

c2 


§ 

-e 

<D 




CD 


g> JC 
.£ oo 

.£ 2 

£ 


G 

tH 

o 


X) 

03 


03 

CD 

CO 


a 

o 


G 


<D 

G 


TD 

G 

03 


a 

<D 


O 

<D 


g -s 

— 

s a» 


CO 

T3 

C 

03 

-O 

JO 

3 

00 


T 3 

§ 


2 < 


O 

Ph 

Ph 


C/3 OO 
C/3 


<D 

o 

o 


4-< 

O 


co 


a s 


CD (D 


G 

bD 


co 

C 

o 


co 

Sx 

CD 

> 


C 

o 


3 


C 

<D 


CD 


00 

c 


J-i 

<D 


x> .5 


c 

o 


T3 

CD 

CD 

CL 

CO 

I 

X 

00 


CD 


G « c 

r — I «n 


c3 


T3 

a> 


CO 

3 

§ 

X3 

X) 

3 

co 


CO 

03 


(D 

£ 


3 

X> 


T3 

<D 


CO 

3 


C3 

c3 


03 

3 

00 

G 


CL 

£ 


a 

D 


co 


3 


03 

co 

i-H 

<D 

> 


O 


SjH 

CD 


r- 1 O 


C /3 Oh O 


<D 

> 

G 


G 


U 


Jh 

<D X 
C/3 <N 


3 

<D 

< 


111 I 


New Mexico State University Center for Space Telemetering and Telecommunications 


Parallel Signal Processing in Subbands 
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Potential Applications 




C/3 

<D 

> 


<D 

C/3 


(D 

43 


T 3 

C 

CD 


C/3 

C 

O 


03 

O 


C 4 

§- 


C 

o 


O 


C 

3 


O i-rt 

° s 

>> <s 

§ 5 
S 3 


C/3 


T 3 

CD 

C 


C /3 


§ 

X 


C/3 

44 

e 

o 3 

4 D 


cd 

> 


4 

<D 




5D 

C 


bS) 

C 


C/3 

33 


C/3 

C/3 

CD 

O 

o 

P, 


(D 

T3 

O 


o 

(N 

i 

G\ 

C 

o 


a 

o 


c3 


W) 

* 

"O 


X) 

3 

&H 


Oh 


d> 

3 


O 

3 

*-< 


oo 


<D 

00 

3 

<D 

O 

c 


CO 


CD 


O 

C 


X 

Q. 

cd 


cd 

Vh 


< 


CD 


cO rS 
c0 £ 


Oh 

o 


cd 


to 


3 

a 

c 


cd 

cd S 

>% £ 


03 
cd 

Oh* ^ 

• T 3 

^ S3 

4 X 

*s jj* 

C /3 ^0 

* Q 

C 4 c 


03 


cd 


00 

3 


5-f 

<L> 

£ 

o 

41 


3 

T 3 

O 

5 

6 
o 
o 
o 
3 


00 

3 

<D 


oo 


00 


2 


CO 

co 

03 

O 

o 

Sh 

Oh 


4 

o 


a 

o 


CO 

§ 

Oh 

X 

W 


CO 

T 3 


2 co 
-3 X) 

“ X) 
T 3 3 

03 co 


£ 

o 


<+H 


3 

Oh 

+-> 

3 

O 




(J 

2 


co 


J-l 

CD 

X! 

bfi 


£ 

cd 

03 

Sh 


CO 


C3 

03 


03 

Q 


l l 


CO 


03 

C 

c 

cd 

X 

a 


03 


03 


cd 

CO 


x> 

cd 

C 30 


e>0 


co 

cd 


X 

C3 

3 

co 


cd 

(3 


&r 

Oh 

cd 


03 


cd 

*H 


cd 


O 

X 

£ 

CO 

"O £ 
03 Cd 


cd 

T3 


X 

b0 


J-h 

£ 


5-h 

Vh 

O 

fcU 

03 


T 3 

03 


3 

C/3 


I 


<D 


D 

4 

O 

C/3 


Q 


1 1 


C+H 

O 


CO 
CO 

03 
C 
C 
03 
> 

8 

3 _ 
03 cd 


03 


N 


X 

03 


•s s 

.£ £ 


x 

£ 


> 

03 


X 

co' y 
*-h 3 

<D , 

3 


i 

4H O 


co Q3 
C N 

B £ 

c * 

3 cd 

x a 


td 5 - 1 
cd 03 

X T 3 
^ t— ( 

^ ° 
° C 


£ •! 


C^H 

o 


CD 

Co 


03 
co 

C 
O 

Oh 
^ CO 
Cd 03 

co 5-1 
Oh C 

£ JS 

W o 


• Spread-spectrum codes based in subband transform bases 

New Mexico State University Center for Space Telemetering and Telecommunications 





GO 

73 

a 

cd 

f£> 

s 


cd 

G 

GO 
• »— < 

CO 

co 

<D 

N 

>^ C/5 

"3 <5 

3 ^ 

G 

»-< 

O co 
w C/5 
c/5 Cd 
(D CL 

o -§ 

& s 

s ^ 

O 4 h 
O O 


cd 

-s 

<D 


GO 


• f- ( c/5 

Ph G 


Q 

<+H 

O 

L< 

O 

x— > 
O 
.cd 

H— I 

cd 

>> 

fJD 

73 

E 

£ 

cd 

C/5 

G 

£ 

O 

73 

<D 

cd 

C/5 

E 

G 

OX) 

• fH 

C/1 

c\ 

GO 

G 

• F-X 

Lx 

CD 


-C 

15 

£ 

txO 

c 

'5 

.2 

"D 

C 

<3 

X> 

-D 

3 

on 


O 

> 

03 


cd Gh 


lh 

oj 

< 


W) 

v .S 

V GO 

Q, <3 

w o 
co O 
^3 ^ 
C CL 

.3 H 

•§! 

« s 

3 

<D co 

g* 1§ 

§ £ 

! £ a> 
a> ft 
> 

o s 

-v <D 

a> ■+- > 
55 C 

o •— 1 

O — 2 
-C CG 

u £ 


cd 

G 

• rH 

GO 

• fH 

L< 

° W 
o <d 
^ G) 
73 cd 

JJ £ 

a 

£ E 

cd is 

co o 
& <L> 

^ O-c 

<D M 

b <d 
cd ;> 

co O 

"s s 

G CD 
GO Lx 

co O 

x— » 

GO 73 
G g 

• i—i Lx 

co a> 

CO X-> 

<D IG 
o hh 

O CO 
♦— i • i-x 

Cl c/5 

ftV ^ 

"G ^ 


C/5 

• f-H 

CO 

<D 

fG 

x-> 

G 

>% 

CO 

4-x 

O 


G 

CO 

<D 

fG 


cfa 

73 

CD 

x-» 

O 


CO 

G 

O 

o 

CO 


cd 

fO 


co 


i t> 

§ 

CD 


CO 

Lx 

<d 

< 


Ph 


cd 

Lx 


G 

Ph «h 


O 

G 

G co 
g 


>> 

<D 
CL 
O 

Lx as 
CL Lx 


— i K**"* 

o.-2 

E 4 $ 

' 1-H 


<D 

Vh 3 

d> L^x 

. 


cd 


cd co 

& E 

.SP c 

co GO 

73 *3 
S *G 

2? CD 

fC> Lx 
CC CD 


> cd 
CD O ^ 
G O 

G) co" ^ 

*3 ^ cd 

CD s G 

73 % cr 

-- FiJ d> 

<D <2) 
b 3 CD 

co _ , 

^■H i i 

i5 a> & 
Gx ' G 
E G -G 
12 G £ 

1 i-e 

1 & J 

g G3 
^2 o ^ 
.a *5 ° 

co cd CD 

^ IG G 
G o 

S ■o a 
03 o m 

<+h C CD 
P-H G Lx 


M?w Mexico State University Center for Space Telemetering and Telecommunications 



Example of Low-Order, Oversampled, 
Linear-Phase Filterbank Response 
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New Filterbank Design Result 
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Filterbank Design Example 
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Simple rule satisfied Simple rule not satisfied 
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Polyphase, Uniform-DFT Filter Bank 
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High-Speed Filterbank Implementation 
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Work in Progress 
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Outline 


• Introduction to Partial Response 

Class I (PR1) 

Class IV (PR4) 

• Satellite Channel Model 

• Signal Constellations for 

QPSK 

8PSK 

2-dimensional PR1 and PR4 

• Coded PR Simulation Diagram 


• Performance of Coded PR1 and PR4 versus coded 8-PSK 

• Future Work 


Conclusions 



Introduction - Class I (PR1) 


• Encoder 



• c k = a k + a k-\ <=> c{D) = a(D)( 1 + D) = ct(D)h } ( D ) 


• Frequency response: 


W) = h l (D) 


£> =e -y2^/7’o 


= 1 + e — {gjrfTo + e jrfT 0 ^ _ Q-jrfTo 

= 2-cos{7fT 0 )-{e~ j71 ^ To ) 

• PSD: 

Gif) = j-hiff = — cos 2 {7fr 0 ) 



Introduction (Cont’d) - Class IV (PR4) 


Encoder 





c k~ a k~ a k-2 <=> c(D) = a(D){ I -D 2 ) = a(D)h 2 (D ) 


Frequency response: 


h 2 {f) = h 2 {D) 


D=e~j l7 ^ T o 


= 2-7’ 0 -sin(2^r o ).( e --/' 2 ^ 7 'o) 


°(f) = ~\h 2 (/f = 4 • T 0 • sin 2 (2 rfr o ) 

1 o 


PSD: 






modulated PSD 


PSD - PR1 


PSD for (1 + D) 



PSD (passband) for (1+D) 



frequency (Hz) 





PSD 


PSD (Cont’d) - PR4 




-6 


frequency (Hz) 
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Satellite Channel Model 









Signal Constellation 
QPSK 





Signal Constellation 
8PSK 





Signal Constellation 
PR1 


sqrt(1+D) 2-dimisional signaling constellation 



Q channel amplitude 



Signal Constellation 
PR4 


sqrt(1-D 2 ) 2-dimisional signaling constellation 



Q channel amplitude 
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Coded Partial Response Simulation Diagram 
















Performance of coded 8-PSK 




Future Work 


Check the performance (bit error rate) of the actual system with 
more realistic assumptions, such as: 

Assume non-perfect synchronization. Thus, carrier and 
timing recovery will be investigated. 

Considering up-link and/or downlink additive noise. 


Design new high rate parallel as well as serial concatenated 
convolutional codes 


Try sub-optimal APP decoders, such as soft-output Viterbi 
algorithm (SOYA) 


Evaluate performance with nonlinear equalizers, such as RAM- 
based equalizers. 


Performance or RAM-based equalizer 



SNR (dB) 
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Conclusions 


Why PR? 

• BW efficient (no excess BW required) 

• Constant envelope 

• Easy to design binary TC. 

• Operating at low SNR when combined with TC 


in iiiiimr inn iii ii mm iiiiii 11 iiiiim urn i himhi im i i mu ■ m mini h i » i i urn im nna *m . m.* mum i ill . , Dm Mill a . will li Ml 111 


Output voltage and phase 


TWT AMPLITUDE and PHASE MODEL 
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Motivation 


OUTLINE 


• Work performed since last review 

• Partial Response Satellite Feasibility (Ali) 

• Cramer-Rao Bounds (CRBs) for MPSK 

• Phase & symbol timing estimation simulations 
developed for CRB evaluation 

• Maximum a posteriori (MAP) 

• Decision Directed (DD) block no feedback 

• DD block w/ feedback 

• Soft DD block no feedback 

• Nonlinear block estimator 

• Joint phase/timing estimation - FSE 

• Conclusions and future work 
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MOTIVATION 


• Operating SNR's moving lower e.g. E s /N 0 < 0 dB 

• higher data rates 

• major improvements in channel coding 

• Turbo codes 

• Mandates new look at synchronization performance 

• Phase 

• Symbol 
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CRBs for MPSK 


• What is the “best” estimate of the phase 

- Quality measures 

a. Phase error 

/V 

e = (j)-(j) 


b. Mean Square Error (MSE - Jitter) 


c. Cramer-Rao Bound (CRB) 


- In general MSE difficult to compute 

- CRB provides lower bound on MSE for 
unbiased estimator of (j) (non-random) 


CRB (0) = r E{( 


d In p(x\<j ) ) 


2 _1 

)}] 


• Commonly compare MPSK synchronizer performance to 
CRB for unmodulated carrier. 

• Very loose for low signal to noise ratios (SNR) 

• Tighter bounds have been published for BPSK and 
QPSK (Cowley) 
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CRBs for MPSK 


• Verified BPSK and QPSK CRBs 

• Derivation details were not available 

• Extending work to 8-PSK CRB 

• I have intermediate result 

• Working on simplifying 

• QPSK had 4 equations with 3 terms each 

• 8-PSK has 8 equations with 10 terms each 

• Outline of derivation for 8-PSK 
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CRB for MPSK 

Outline of 8PSK derivation 


Received 8PSK signal with fixed phase offset set 
during the observation interval of N symbols 

Xj = a] +ni , for 1 = 1, . . . , N 

Then we have for the AVERAGED 8-PSK log likelihood function 


A& (6, k) = 

£ 1„ [cosh( . cosh( ^'V' 1 * 1 ) 

l=k~N 


+ cosh 


Re (x L e' j< * ) 1 

a 2 


f 

+ cosh 


Im(xi e‘^ ) ^ 
a 2 


The CRB is a lower bound on the variance of any 
unbiased estimator of <p t and is given by Van Trees as 


CRB (0) = [E { 


01n p (x | 0) 

00 


)] 


-1 



sinh ( •% ui ) -k ( a J + - 5inh ( jr < a i 




Z_. cosh ( -djal) ♦ cosh( + cosh( iLM^^ ) + cosh ( 


sinh ( g («W . ^yQ . g I ) > 4- + nf) 


cosh ( I cosh( 4^) , cosh( cosh ( 


sinh 


V2 


rf;° 

2 pi 


■) 


0 2 2 


(a[ + <3? + fii + ) 


cosh ( ^1) + cosh( JS^L) ♦ cosh( ^L l 4^s!l ) ♦ cosh ( £. 


2 ) 


Note: Through monte carlo integration using above eq. we can numerically calculate the 8-psk CRB! 
But of course we would like a more convenient and insightful form of the CRB, so we continue... 


Printed by hfathematica for Students 


2 


nasa99 derivatiuon.nb 


After much manipulation we can arrive at the simplified form of above eq. 

CRB * 1 (<#>) = 



Next we must take the expectation of above over all three variables 
symbols a and noise n/ and nf . 

This leads to an expantion by a factor of 8 in the number of terms 


Printed by Mathematica for Students 




3 4 5 6 7 8 9 10 11 12 13 

Es/No (dB) 
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Simulations Developed 


• Implemented 4 phase estimation simulations for 
performance characterization w/ new CRBs 

• Two widely applied criteria in estimation 

1 . MAP - Maximum a Posteriori Probability 

2 P( F \0)P(0) 

^=arg^ max P(#)= — — 

Where: considered random 

- Characterized by a priori probability p(<f>) 

2 . ML - Maximum Likelihood 

^=arg^ max P($F)=P(F\0) 

Where: -(/) considered non-random but unknown 

Note: if we have no a - priori knowledge of (j>, if we 
assume p{</>) uniform we arrive at MAP = ML 

3 . Ad Hoc Techniques 
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1. Approximate ML Feed forward DD estimator 



2. Approximate ML feed back DD estimator 



! I 
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Simulations Developed 


3. Approximate ML soft DD estimator (QPSK) 


A 
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Simulations Developed 


4 . Ad-Hoc nonlinear phase estimator (Viterbi) 



V 2 cos(2^/" o 0 

• ML unmodulated carrier phase estimate 

• with dotted box eliminated 

• For PSK modulation replace dotted box with complex 
nonlinear function 

' ' . im<p n 

x n + Wn = F (Pn) e 

where 

[~2 2 . _ + ~hyri\ 

Pn ~ x x n + y h * an 

• This estimator performs nearly as well as ML 
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Joint estimation - With FSE 


• Joint phase/timing estimation with FSE 

• Counters IS I effects 

• Symbol timing derived implicitly within FSE 



• How does one characterize the symbol timing jitter 
performance of this estimator? 

• To my knowledge no published results here 

• I have developed a technique to measure FSE timing 
jitter 

• Plan to prove analytically validity of approach 
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Future Work 


• Complete 8-PSK CRB derivation 

• Modify MPSK CRB for random parameter and 
constrained non-random 

• Formalize FSE timing jitter algorithm 
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Implementation Issues on TC: 
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The Effect of SNR O 
Performance of 



SNR Offset (dB) 
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Technical Interchange Meeting is being 
scheduled ^between GSFC and NMSU 
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Example of Low-Order, Oversampled, 
Linear-Phase Filterbank Response 
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New Filterbank Design Result 
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Filterbank Design Example 


o© 



Simple rule satisfied Simple rule not satisfied 

New Mexico State University Center for Space Telemetering and Telecommunications 




Polyphase, Uniform-DFT Filter Bank 
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High-Speed Filterbank Implementation 
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Work in Progress 
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TDRSS Data Collection: Background 
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TDRSS Data Collection: Setup 










WSC Experiment: Data Collection 
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TDRSS Response with DAMA Carrier 
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SYSTEM CHARACTERISTICS 
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DW^quire is determined by the shuttle orbit downtrack position accuracy expected (~ 0.2 km). 
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Conceptual Block Diagram for Uplink Modulation 
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LOWCAL SCHEDULE 
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CO: Collimeter 

ASE: Aperture Sharing Element 

APT: Advanced Pointer and Tracker 
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ASE: Aperture Sharing Element 
APT: Advanced Pointer and Tracker 
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where c represents the speed of light 


DOWNLINK LOWCAL SIGNAL MODEL 
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R represents the range to the satellite. 
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UPLINK POLARIZATION FLOW CHART 
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